The influence of prolonged ischemic time on outcomes after lung transplant is controversial, but no research has investigated ischemic time in the context of center volume. We used data from the United Network for Organ Sharing to estimate the influence of ischemic time on patient survival conditional on center volume in the post-lung allocation score era (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . The analytic sample included 14 877 adult lung transplant recipients, of whom 12 447 were included in multivariable survival analysis. Patient survival was improved in high-volume centers compared with low-volume centers (logrank test p = 0.001), although mean ischemic times were longer at high-volume centers (5.16 AE 1.70 h vs. 4 .83 AE 1.63 h, p < 0.001). Multivariable Cox proportional hazards regression stratified by transplant center found an adverse influence of longer ischemic time at low-volume centers but not at high-volume centers. At centers performing 50 transplants in the period 2005-2015, for example, 8 versus 6 h of ischemia were associated with an 18.9% (95% confidence interval 6.5-32.7%; p < 0.001) greater mortality hazard, whereas at centers performing 350 transplants in this period, no differences in survival by ischemic time were predicted. Despite longer mean ischemic time at high-volume transplant centers, these centers had favorable patient outcomes and no adverse survival implications of prolonged ischemia.
Introduction
Lung transplantation (LTx) is a common treatment option for patients afflicted with certain advanced lung diseases, but limited donor organ availability continues to be the major obstacle in providing this option to all potential candidates (1, 2) . The implementation of the lung allocation score (LAS) prioritized candidates with a higher risk of death, regardless of time accrued on the waitlist (3), but allocation of organs to candidates with the highest priority remains limited because of efforts to minimize graft ischemia time. Extending the acceptable donor organ ischemic time could potentially remedy this constraint; however, reluctance about universally prolonging acceptable graft ischemia times has persisted because the medical literature has not clearly demonstrated acceptable outcomes for transplantation of grafts with prolonged ischemic times.
Adverse effects of prolonged ischemic time have been used to justify upper limits on ischemia time in LTx, although recent reports of no such adverse influences of prolonged ischemia have contributed to an emerging controversy on this point. Longer graft ischemia has been associated with posttransplant ischemia-reperfusion injury, primary graft failure and increased risk of bronchiolitis obliterans syndrome, while adversely influencing survival after LTx (4-7). In contrast, other studies have failed to find adverse outcomes associated with prolonged ischemic time, including both single-center experiences and retrospective analyses of the United Network for Organ Sharing (UNOS) registry (8) (9) (10) . The evident lack of adverse influences of prolonged ischemia in an analysis of a large national registry has been cited to support the recommendation that acceptable ischemic times for LTx be prolonged (8) .
With conflicting findings regarding prolonged ischemic time after LTx, it is vital to consider whether center experience influences potential risks of transplanting grafts with longer ischemic time. Experienced centers may have accumulation of expertise or access to resources that allows performance of LTx with prolonged ischemic times that are comparable to LTx performed with ischemic times in a conventionally acceptable range. The volume of lung transplant procedures is a well-established indicator of experience and proficiency, so we investigated whether greater transplant volume at a center would ameliorate negative survival effects of prolonged ischemia in LTx. With no previous research investigating this important question, we tested this hypothesis in a contemporary cohort of lung transplant recipients.
Methods
Data Nationwide Children's Hospital's institutional review board approved the study with a waiver of individual consent (IRB14-00716). Lung transplant recipients in the United States were identified using the UNOS registry (11) during the contemporary LAS era (May 2005 to June 2015). Whereas all lung transplants were used to classify centers according to volume during the LAS era, inclusion of individual transplant records in subsequent analysis was contingent on adult age (≥18 years); no prior history of transplantation; known graft ischemic time; and, for survival analysis, known and nonzero days at risk after LTx. Multivariable models of patient survival were further limited to cases with complete covariate data.
Statistical methods
Descriptive statistics were presented as means and standard deviations for continuous variables and as counts and percentages for categorical variables. Center volume was calculated as the total number of lung transplants performed between 2005 and 2015. For descriptive comparisons and univariate analysis, a threshold of 150 total lung transplants over this period (i.e. an average of 15 lung transplants per year) was used to distinguish low-and high-volume centers. The median transplant center performed %150 lung transplants over the study period. Comparisons between centers above and below this threshold were performed using independent t-tests and chi-square tests for continuous and categorical variables, respectively. Patient survival in days was the end point in univariate and multivariable survival analyses. Kaplan-Meier curves with logrank tests were used to test survival differences by dichotomized center volume (<150 vs. >150 lung transplants over a 10-year period) and dichotomized ischemic time (<6 vs. ≥6 h).
Continuous ischemic time (in hours) was included in multivariable analyses. Multivariable models compared conventional Cox proportional hazards analysis to a Cox model with the baseline hazard stratified on transplant center (12) . In a conventional Cox model, the baseline hazard is shared across all patients, and hazard ratio (HR) assumes proportional hazards between patients with, for example, higher and lower ischemic times. When baseline hazards are stratified on the transplant center, the HR between high and low ischemic times would still be constant across centers but would imply a greater difference in absolute survival at centers for which the baseline hazard is greater. Consequently, stratification by the center-specific baseline hazard reveals the influence of ischemic time (and other covariates) on within-center variation in survival (13) . Further multivariable analysis added interactions between continuous ischemic time and continuous center volume (the number of lung transplants performed over the 2005-2015 period). In the final model, ischemic time was treated as a quadratic polynomial to account for a nonlinear effect on mortality hazard. This model allowed the HR of ischemic time to vary between centers according to their volume of LTx, in addition to accounting for center differences in the baseline hazard.
To clarify the interpretation of the final multivariable model, the volume of LTx was centered at 150 total lung transplants performed in the period [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . With this centering, the HR of ischemic time represented the estimated influence of this variable in a center performing 150 lung transplants in the 2005-2015 period (comparable to the volume of the median transplant center). Based on this model, estimated HRs of ischemic time (relative to 6 h) were plotted for a center performing 50 lung transplants (with %25% of centers at or below this volume threshold) and for a center performing 350 lung transplants (with %25% of centers at or above this volume threshold) over the study period. Model diagnostics included Grambsch-Therneau tests of the proportional hazards assumption and a plot of Martingale residuals against ischemic time to verify the adequacy of modeling this variable as a quadratic function. This model was refitted with distance (in kilometers) between donor and transplant centers as the main independent variable to examine whether geographic distance and ischemic time similarly influenced patient survival. Analyses were performed in Stata/IC 13.1 (StataCorp LP, College Station, TX), and p < 0.05 was considered statistically significant.
Results

Study cohort
There were 14 877 adult lung transplant recipients included in the descriptive analysis, with 14 842 available for survival analysis and 12 447 included in multivariable survival models. The sample included lung transplants performed at 74 centers, of which 54 (73%) performed >50, 37 (50%) performed >150 and 15 (20%) performed >350. Figure 1 demonstrates the survival advantage of
LTx performed in high-volume centers compared with low-volume centers (log-rank test p = 0.001). Descriptive statistics presented in Table 1 indicate that lung transplants performed at high-volume centers (top 50% of centers; >150 lung transplants in 2005-2015) had 
Survival implications of ischemic time
A Kaplan-Meier plot stratified on ischemic time ≥6 h identified no differences in survival in the overall cohort ( Figure 2 ) (p = 0.545). Multivariable Cox proportional hazards regressions were used to estimate the survival implications of continuous ischemic time with and without stratification of the baseline hazard by transplant center. In model 1 of Figure 3 implied that ischemic time was not associated with survival.
Model diagnostics indicated that none of the variables for ischemic time and center volume violated the proportional hazards assumption and that the quadratic specification of ischemic time achieved excellent fit to the data ( Figure 4) . The global Grambsch-Therneau test (p < 0.001) found five covariates with nonproportional hazards (donor race, bilateral LTx, indication for LTx, year of transplant, and mean pulmonary artery pressure). Interacting these covariates with the log of analysis time did not change the main results reported. Furthermore, analyzing geographic distance rather than ischemic time revealed no association between distance and survival in multivariable regression (Table 4) .
Discussion
The most important finding from the current study is that high-volume centers tend to perform lung transplants with longer graft ischemic time, but in these high-volume centers, there are no evident adverse influences of prolonged ischemic time compared with patients transplanted at the same center with shorter graft ischemic times. In contrast, a survival disadvantage associated with prolonged graft ischemic times persists in lowvolume lung transplant centers, including centers performing the median number of lung transplants over the study period (150 total lung transplants between 2005 and 2015). Because of differing implications of prolonged ischemia between high-and low-volume transplant centers, previous estimates of ischemic time effects on LTx outcomes in national registry data have likely been biased toward the null by inclusion of lung transplants from high-volume centers. Our finding that ischemic time remains associated with worse patient survival in smaller centers counters recent research that has argued for relaxing ischemic time limits on the acceptability of lung allografts. The debate about the influence of ischemic time on patient outcomes in LTx has evolved from early findings of adverse influences to more recent results demonstrating favorable outcomes with ischemic times of ≥8 h. A recent analysis of the UNOS registry by Grimm et al (8) found no difference in survival or primary graft failure at 1 and 5 years after LTx between patients who received grafts that were exposed to ischemia that lasted ≥6 h or more and patients who received grafts with shorter ischemic times (8) . The authors of that study recommended extending the acceptable ischemia time in certain patient populations to expand organ availability (8) . Bharat (14) urged caution in moving forward with this recommendation because of limited data on potential confounding factors in the UNOS registry and potential risk due to prolonged ischemia in certain cases, such as bilateral LTx. We have argued that differences in the case mix between small and large transplant programs strongly confound the association between ischemic time and survival, as shown by the fact that large programs tend to perform LTx involving longer ischemia but achieve better patient outcomes. After demonstrating that adverse influences of prolonged ischemia become apparent with stratification of the baseline hazard in proportional hazards regression, we further examined the assumption that the effect of ischemia time on lung transplant outcomes is truly shared across centers regardless of their volume and expertise.
We analyzed center volume as moderating the survival implications of prolonged ischemic time. Interaction analysis demonstrated that the within-center effect of ischemic time was adverse and statistically significant in lowvolume but not high-volume centers; for example, the predicted difference in mortality hazard between 6 and 8 h of ischemic time at a center performing 50 total lung transplants in [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] (HR 1.189) was intermediate between the effect sizes of recipient sex and procedure type (single vs. bilateral). In contrast, there were no differences in survival by geographic distance, even after taking into account center differences in the baseline hazard and interaction of distance with center volume. Consequently, earlier judgments about prolonged allograft ischemia as a risk factor for patient survival (4-7) remain applicable to contemporary LTx performed in small centers.
The effect of ischemia on the donor lung is incompletely understood, but ischemic preconditioning is thought to be an important component of organ transplantation, as described in animal models (15) (16) (17) (18) . The lung is a low metabolic organ (19, 20) , so ischemia may not be as detrimental during organ preservation in the setting of hypothermia for LTx. At the time of procurement, the lung is also filled with 100% oxygen, so the presence of oxygen may cause less ischemic injury compared with other organs. In an animal model of donation after cardiac death (DCD), hypoventilation was required with hypoxia before significantly impaired DCD lung graft function was seen (21) . Based on these mechanisms, it is credible that in some settings (e.g. LTx performed at experienced centers), prolonged ischemia time will not adversely affect recipient outcomes.
Although our study design prevents us from identifying specific factors related to high-volume centers that mitigate the risk of prolonged ischemic time, we speculate that the influences are multifactorial and provide some insight into factors meriting further study. First, it is unlikely that our findings are related to biological or physiological differences between patients undergoing LTx at low-versus high-volume centers because effects of center volume are generally thought to reflect institutional differences in practice, expertise, and available resources. Second, we note that high-volume centers commonly use a dedicated surgeon and team for procurement, so that particular surgeon or team may perform 50-100 procurements annually. With that type of experience, clinical and surgical skills are enhanced in the setting of a superior process for donor assessment and technical performance of the procurement and storage. Third, the surgical management of the recipient at time of LTx by the high-volume centers may mitigate risk associated with ischemia; for example, the roles played by variations in reperfusion techniques or warm ischemic times during implantation may be as important as the duration of cold ischemia. A fourth consideration is a potential rescue phenomenon in which short-term effects or complications of prolonged ischemic times are better managed at more experienced centers, leading to no adverse impact on long-term survival. In addition to these elements of LTx, a potential explanation of our findings could include technical issues not related to the procurement that contribute to ischemia. We provided these speculations to suggest that these factors should be considered in future prospective research. We assume, however, that outcomes related to ischemic times are not related to the distance traveled, as our analysis found no association between geographic distance and survival.
The approach to studying outcomes of prolonged allograft ischemia in the UNOS registry is limited by some aspects of this database. Most important, details of warm and cold ischemia are not available, the length of time on cardiopulmonary bypass could not be determined, and the use of ex vivo lung perfusion (EVLP) was not tracked during the study period, so the roles of these factors in explaining the moderating influence of center volume could not be assessed. With EVLP being considered for inclusion in the UNOS data collection form, future studies should examine whether this factor explains the improved outcomes at high-volume centers. Furthermore, the extent of variation in allograft ischemia observed in this retrospective study is biased by the fact that all donor organs reflected in these data were considered acceptable for transplantation. Finally, our study focused on survival implications of allograft ischemic time apart from other transplant, recipient and donor characteristics. In practice, the composite risk arising from the combination of these factors likely drives decisions to accept specific organs for transplantation. Generalizing from our findings, we would expect that more experienced centers are more likely to undertake LTx in higher risk candidates or involving higher risk donors, but would have better success in ensuring good patient outcomes despite these risk factors (22) .
In conclusion, the current study presents timely results on the role of ischemic time in LTx, a treatment growing rapidly as an option for patients with advanced lung disease. Reanalysis of the national registry data used in 
